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• EOS definition & motivation
•  Phase diagram:
       theories of solid, liquid, plasmas
       experiments: static & dynamic
•  Wide-range multi-phase EOS for metals
        semi-empirics origin – quasiharmonic model
        EOS model, construction of EOS for U
•  EOS accuracy
•  High pressure, high temperature melting & evaporating
•  Regularities: IEX vs. shockwave data & Birch law
•  EOS applications
        expert calculations
        melting & evaporating in shock-wave processes
        isochoric heating – high-entropy states
        shock wave stability

Theoretical Theoretical   EquationEquationss  ofof  StateState  forfor
MetalMetals at High Energy Densitiess at High Energy Densities

Igor Lomonosov (Prof., EOS lab. leader, IPCP RAS, Chernogolovka, RUSSIA)
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EOS - EOS - fundamental property of matter, defining its thermodynamic,
mechanic,… as functional form f(x,y,z)=0 (V,T,P,…) or tables or graphs.

( ) 






 −−−−= )1)(4(
4
31

2
3)( 3/23/53/7 σσσ PT

B BBVP T=const, Birch

3/1
9/0 )4(

6
1








+=
−

kT
n

NkT
FF nMC ε

η «soft» spheres

( ) ( ) ( ) ( )[ ]VEE
V
VVPEVP cc −+=

γ, Mie-Grueneisen

Shock - wave data compendium: Copper, Cu

R= 8.930 g/cc

2  L. V. Al'tshuler, K. K. Krupnikov, M. I. Brazhnik,
   Dynamical compressibility of metals under pressure from 400000 to
   4 million atmospheres,
   Zh. Eksp. Teor. Fiz. 34, 886-893 (1958) [in Russian]
   (Sov. Phys. - JETP 7, 614-618 (1958)).

  m         U        D         P       V0/V       R

1.000    0.940    5.360     44.993    1.213    10.8291
         2.290    7.130    145.806    1.473    13.1551
         4.190   10.160    380.154    1.702    15.1975

3  L. V. Al'tshuler, S. B. Kormer, A. A. Bakanova, R. F. Trunin,
   Equations of state for aluminum, copper and lead in the high
   pressure region,
   Zh. Eksp. Teor. Fiz. 38, 790-798 (1960) [in Russian]
   (Sov. Phys. - JETP 11, 573-579 (1960)).

  m         U        D         P       V0/V       R

1.000    1.820    6.640    107.917    1.378    12.3019
         2.710    8.060    195.055    1.507    13.4534
         4.430   10.580    418.544    1.720    15.3625
         4.140   10.120    374.139    1.692    15.1123
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Motivation

 Fundamental
properties

 R&D at high pressure

 Geophysics, planets

 Numerical modeling:

        ICF, hypervelocity
impacts, …
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P(V,T) - UraniumTheory:
solid (T=0 K)  band structure
liquid
plasmas

Experiment:

DAC, T-DAC P(V,T=const)
LM - ρ(T,P=1 bar)
IEX - H, E, Cs, T, V (P=const)
H1 - P,V, E, T
s=const - P, U, T

H1, Hp - P,V, E (Cs)
s=const - P,U

EOS EOS information: summaryinformation: summary
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Experiment: staticExperiment: static

Angle dispersion and structure of Cs-V according to K.Syassen, Proceed. Enrico Fermi
School - 2003
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Pressure < 4 kbar, temperature <8000 K

Experiment:Experiment:
I(sobaric)EX(pansionI(sobaric)EX(pansion))

Typical IEX setup according to
M.Boivineau, J.Nucl.Mat. 297, 97
(2001)



7

Experiment: shock wavesExperiment: shock waves
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Experiment: shock wavesExperiment: shock waves
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Experiment: shock wavesExperiment: shock waves

US, PS, ES, VS

U, PH, EH, VH

adiabatic expansion

Riemann invariants:

( )∫+=
H

S

P

P
Hs dPdPdUVV 2/

( )∫−=
H

S

P

P
Hs dPdPdUPEE 2/

0 2 4 6 8 10 12 14
10-2

10-1

100

101

102

103

U

S
6S

5
S

4

S
3

S
2

S
1

4.68

2.45
1.7

m=1

 Isbell 68
 Scidmor&Morris 62

        1998:
 Zhernokletov, s=const
 Zhernokletov, shock
 Zhernokletov, s=const
 Funtikov, shock

P
re

ss
ur

e,
 G

P
a

Mass velocity, km/s



10

Theory: solid stateTheory: solid state
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Theory: liquid & plasmasTheory: liquid & plasmas
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EOS EOS information: summaryinformation: summary

different approaches

local applicability

structure,
thermodynamics

Theory:
solid (T=0 K, final T),
liquid, plasmas

thermal-strength, P<3 Mbar
--- * ---, T<3500 K

--- * ---, P<4 kbar, T<8000 K

final density (physics)

structure, P(V,T=const)
ρ(T,P=1 bar)

H, E, Cs, T, V (P=const)

 P,V, E, Cs, T
P, U, T

Experiment:
    DAC, T-DAC
    LM

    IEX

    H1 – Hp (Hugoniot)
    s =const

LimitationsPhysical properties
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Insufficient theoretical basis:Insufficient theoretical basis:
• best integral equation in plasma&liquid
(hypernetted, BGY, PY,…)?
• critical point’s evaluations
• pair (triple) potential in plasma&liquid?
• quantum many-bodies problem

LackLack  ofof  experimentalexperimental  datadata::
• H1 for most metals E(P,V)
• ρ(T) at 1 bar
• s=const -  P(U) -   E(P,V)
• IEX  -  H,E,Cs,T(P=const)

EOS EOS problemsproblems
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SemiempiricalSemiempirical EOS EOS
Quasi-harmonical model:
3N harmonic oscillators -    (V), thermal energy and pressureiω
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Thermal electronsMelting (Grover)Anharmonic atoms

Mie-Gruneisen EOS
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LiquidSolid

                       σ_=25÷500

x=lnσ
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Thermal electrons

Asymptotes:
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MULTIMULTI--PHASE EOSPHASE EOS

HHeLiBeBCNOFNeNaMgAlSiPSClArKCaScTiVCrMnFeCoNiCuZnGaGeAsSeBrKrRbSrYZrNbMoTcRuRhPdAgCdInSnSbTeIXeCsBaLa-LuHfTaWReOsIrPtAuHgTlPbBiPoAtRn
Free energy potential

Thomas-Fermi
Debay model
anharmonicity
melting
liquid phase Cv - MC
ionization 
metal-insulator

Solid, liquid, gas, plasma
phase boundaries - melting, evaporation
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UU P-T AT HIGH PRESSURE P-T AT HIGH PRESSURE
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UU  AT HIGH PRESSURE  AT HIGH PRESSURE
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UU  EVAPORATION  EVAPORATION
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UU  EVAPORATION  EVAPORATION
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U AT LOWER DENSITIES
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Isochoric plasma closed vessel:
P. Renaudin, C. Blancard, J. Cle´rouin, G.
Faussurier, P. Noiret, and V. Recoules,
“Aluminum Equation-of-State Data in the Warm
Dense Matter Regime”, Phys. Rev. Lett., 91
(2003) 125004-1 - 125004-4.

electric 
discharge

Al 0.3 g/cc

Al 0.1 g/cc

plasma

EOS accuracy
DAC, shock-wave data < 3%
IEX < 6-8%
Novel data?
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WW AT LOWER DENSITY AT LOWER DENSITY
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GENERAL REGULARITIES

Melting
P – T-diagrams to 10 GPa 
ρ(T, P): 

Na
T-DAC:

 U, Fe
Cs in shocked:

Ta, Mo, Fe
shocked liquid:

 Zn, Cd, Sn, Bi
T shock:

 Fe
porous Hugoniots:

Mg, Cr, Co, Fe, Ni, Mo,
Ta, W, Zn, U

Evaporation
T evaporation (p=1 bar) = experiment
ρ(T, P=1 bar): 

Na, Fe, Co, Ni, Zn, Ag, Cd, Sn, U
IEX:

 Be, V, Nb, Fe, Ta, W, Ni, Re, Pt, U
T for S=const:

 Ni, Pb (Sn)
S=const:

 Mg, Mo, W, Zn, Cd, Sn, Bi, U
S=const – entrance into liquid-gas region:

 Mo, U
CP: soft spheres – EOS - Fortov
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MELTING & EVAPORATION

Hugoniot
 melting pressure Critical points of metals

Metal  P1, GPa P2, GPa P3, GPa 
Li 36.9 125 808 
Be 374 1720  9260 
Na 17.3 57.2 413 
Mg  67.9 205 964 
Al 211 546 2360 
K 8.9 28.9 86.9 
V 322 1070  4270 
Cr 347 1140  5580 
Fe 354 1500  5550 
Co 486 2120  7140 
Ni 489 1880  5880 
Cu 317 966 3230 
Zn 111 397 1850 
Zr 188 744 1800 
Nb 408 2140  4000 
Mo  476 1510  5250 
Ag 246 902 2750 
Cd 76 329 1280 
Sn 138 512 1280 
Hf  255 990 2110 
Ta 452 1690  3780 
W 627 2150  10280 
Re 658 2030  4680 
Ir 597 1950  4440 
Pt 546 1680  4240 
Au 316 815 2520 
Pb 87.3 262 569 
Bi 47.7 189 610 

 
 

PressurePm, GPaPressurePc, kbarTemperatueTc, KDensity
ρ

c, g/ñ m3EntropySc, J/g/KBe402-462Be2.8788770.39813.18Mg64-80Mg2.4639570.5533.789Na3.5-5.2Na0.4724730.2403.281Zr120-144Zr9.88148601.6341.693Hf134-168Hf11.74158103.6100.885V232-295V9.1999151.6312.718Nb429-562Nb11.06191801.7012.023Ta300-370Ta9.93135304.2630.923Cr311-375Cr9.9177972.6602.332Mo385-492Mo7.59101803.6901.520W572-836W11.80157504.8540.837Fe220-312Fe11.3187872.1832.496Co390-517Co5.5591571.8902.458Ni352-483Ni10.4275472.0922.518Zn82-114Zn3.2830792.3811.468Cd45-61Cd0.8725102.2830.840Ag151-223Ag10.6470533.2791.118Au164-253Au6.1485156.0610.624Re541-774Re15.91187106.0240.824Ir440-615Ir13.40162206.0610.780Pt397-568Pt6.21114305.2360.807Sn64-93Sn2.3981751.5921.123Bi(VI)26-41Bi(VI)2.2548693.9370.529U166-189U7.7096374.5050.727
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Liquid metals: general reqularities
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Liquid metals: general reqularities
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Expert Expert calcualtionscalcualtions: Fe strikes Zn: Fe strikes Zn
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Expert Expert calcualtionscalcualtions: : resistivityresistivity of Li of Li
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Shock wave Shock wave ––  unique tool in physics of high pressures,
producing homogeneous distribution of P, E, V, T in short time

P0, V0, E0

P, V,
E, U

D
V0/V=D/(D-U)

P=P0 + DU/V0

E=E0 + 1/2(P0 + P)(V0 – V)
shock  compression

Hugoniot relations:

Shock-wave stabilityShock-wave stability
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AbsoluteAbsolute  instabilityinstability::
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Criteria of shock wave stabilityCriteria of shock wave stability

• linearized gas dynamic equations: D’yakov 1954, Kontorovich 1957
• general theory of decay and branching of arbitrary discontinuity: Kuznetsov 1985
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ShockShock  wavewave  in media within media with
0>(d0>(d22P/dVP/dV22))SS<0<0
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MethodologyMethodology
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ShockShock  wavewave  stabilitystability in Mg at P in Mg at P00=1 bar=1 bar
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ShockShock  wavewave  stabilitystability in Mg at different P in Mg at different P00
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InInstabilitstabilitiesies in Mg at different P in Mg at different P0 0 & V& V00
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 EOS for 30 metals

 Agreement with experiment & theory

 Phase boundaries of melting & evaporation

 EOS applications for high-energy-density
physics

 Successful implementation in 2D,3D codes

ConclusionsConclusions
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ThankThank
YouYou..
Questions?Questions?


